We have examined the extent of tyrosine phosphorylation of talin, a component of the cytoskeleton localized in the focal adhesions and, therefore, a potential substrate of p60vrc, the transforming protein of Rous sarcoma virus. p60v-s is a tyrosine kinase that induces high levels of phosphotyrosine and the disorganization of the cytoskeleton in transformed cells. With a polyclonal antibody utilized in a previous study [Maher, P. A., Pasquale, E. B., Wang, J. Y. J. & Singer, S. J. (1985) Proc. Natl. Acad. Sci. USA 82, [6576][6577][6578][6579][6580] for the detection of tyrosine-phosphorylated proteins, we have detected phosphotyrosine residues in talin molecules immunoprecipitated from Rous sarcoma virustransformed, but not normal, chicken embryo fibroblasts. Phospho amino acid analysis of talin from the infected cells confirmed the presence of phosphotyrosine, in addition to phosphoserine and phosphothreonine. The extent of tyrosine modification in talin was compared to that in vinculin, the other focal adhesion component previously found to contain enhanced levels of phosphotyrosine in various retrovirus-transformed cells. A considerably (3 times) larger fraction of the talin than ofthe vinculin molecules was found to be phosphorylated on tyrosine. The phosphorylation of talin on tyrosine may be crucial for the expression of the abnormal morphology characteristic of cells transformed by Rous sarcoma virus.
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The neoplastic transformation of fibroblasts following infection with Rous sarcoma virus (RSV) and several other retroviruses appears to be mediated by a set of viral oncogene-encoded tyrosine kinases (for reviews, see refs. 1 and 2). Accordingly, elevated levels of phosphotyrosine (P-Tyr) are observed in cells transformed by RSV. However, only a few potential in vivo substrates of p60vsrc, the transforming protein of RSV, have been identified (1, 2) . One method that has led to the detection, in cell extracts, of a number of proteins extensively phosphorylated on tyrosine involves 32P-labeling followed by separation of the proteins by twodimensional gel electrophoresis and incubation in alkali, a treatment designed to favor the hydrolysis of the more abundant phosphoserine over that of P-Tyr, which is more stable to elevated pH (1, 3) . This approach has only allowed the detection of a few abundant and highly phosphorylated substrates of tyrosine kinases (because it is often difficult to distinguish the [32P]orthophosphate incorporated in P-Tyr from that in the much more common phosphoserine and phosphothreonine), and, in general, the cellular functions mediated by these substrates are still unknown. An alternative method to search for proteins containing enhanced levels of P-Tyr was introduced some years ago in a collaborative effort from this laboratory (4, 5) . Specific proteins of interest, even if they are scarce cellular components, can be purified by immunoprecipitation from normal and transformed fibroblasts and their phospho amino acids can be analyzed or, as has recently become feasible, their P-Tyr content probed with an antibody directed to P-Tyr (6, 7) .
It is well known that infection of chicken embryo fibroblasts (CEF) with RSV induces an alteration in cell morphology, including a disruption of the actin-containing microfilament bundles (stress fibers) and the redistribution of the protein components of the focal adhesions (8) (9) (10) (11) (12) . Therefore, proteins that are thought to bundle actin filaments together in stress fibers, or to mediate the attachment of actin filaments to the plasma membrane, represent suitable candidates for investigation as in vivo substrates for p60v src. In an initial survey of cytoskeletal proteins (4, 5) , vinculin, a 130-kDa protein localized at sites where bundles of actin filaments are attached to the cell membrane in normal fibroblasts (13) , was shown to contain significantly increased levels of P-Tyr in RSV-transformed CEF, but the proteins filamin, a-actinin, and myosin, each ofwhich is associated with the stress fibers of normal CEF, did not show such increased modification. However, the tyrosine phosphorylation of vinculin alone is not sufficient to explain the extensive reorganization of the cytoskeletal architecture of a number of transformed cells (14) (15) (16) . Presumably, other cytoskeletal proteins involved in the organization of microfilament bundles and in their attachment to the plasma membrane are affected by the tyrosine kinase activities displayed by the different retrovirus gene products. Continuing our search for in vivo substrates of tyrosine kinases among the proteins presumably involved in the organization of microfilament bundles, we have analyzed the level of tyrosine phosphorylation in talin from normal and RSV-transformed CEF. Talin is a 215-kDa protein first isolated from chicken gizzard smooth muscle (17, 18) . It was shown by immunofluorescence microscopy to be present in fibroblasts, concentrated at the focal adhesions where stress fibers are attached to the membrane, and, often, codistributed with cell surface fibronectin. This distribution of talin suggests that it plays a role in the linkage of actin filaments to the cell membrane. Upon RSV transformation, this linkage appears to be broken or modified and the intracellular distribution of talin is markedly altered (17, 18) . Accordingly, we have immunoprecipitated talin from RSVtransformed and normal CEF, using specific polyclonal and monoclonal antibodies, and have determined the level of P-Tyr modification of the immunoprecipitated protein both with specific anti-P-Tyr antibodies (6, 7) and by analysis of 32P-labeled phospho amino acids (19) . In RSV-transformed CEF, P-Tyr can be detected in talin in substantial amounts. About 3-fold greater specific P-Tyr content was found in talin as compared to vinculin after transformation.
Abbreviations: RSV, Rous sarcoma virus; CEF, chicken embryo fibroblast(s); P-Tyr, phosphotyrosine.
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MATERIALS AND METHODS Cell Culture. CEF, prepared by trypsinization of decapitated and minced 8-day embryos, and RSV-transformed CEF were cultured in a 1:1 mixture ofDulbecco's modified Eagle's medium and Coon's F12 medium, supplemented with 10% fetal bovine serum and antibiotics.
Antibodies. The production and affinity purification of rabbit polyclonal anti-P-Tyr antibodies have been described (6, 7) . Polyclonal antibodies to purified pig heart vinculin were prepared similarly to the previously described antichicken gizzard vinculin antibodies (13) . The preparation of monoclonal and polyclonal antibodies to electrophoretically purified chicken gizzard talin will be presented elsewhere. In brief, the monoclonal IgG (no. 513) used in the present studies was purified from the ascites fluids by ammonium sulfate precipitation followed by DEAE-cellulose chromatography and then was affinity-purified on a chicken gizzard talin affinity column. The polyclonal antibodies were affinitypurified on a talin affinity column and cross-adsorbed on myosin and filamin affinity columns. Rabbit anti-mouse IgG was prepared as described (20) .
Immunofluorescence Microscopy. The cells were labeled and photographed as described (7, 21) . The antibody used to label talin was the afflinity-purified monoclonal antibody 513.
Immunoprecipitation. Immunoprecipitation of talin and vinculin was carried out by a procedure modified from Nigg et al. (21), using affinity-purified monoclonal or polyclonal antibodies.
NaDodSO4/PAGE and Immunoblotting. After NaDodSO4/ PAGE on separating gels containing 5 or 7.5% acrylamide, proteins were transferred to nitrocellulose and blocked as described (20) . Transfers were incubated with anti-P-Tyr antibody (2 ,ug/ml) for 4 hr, rinsed, and incubated for 30 min with '25I-labeled protein A (ICN) at 0.5 ,Ci/ml (1 Ci = 37 GBq). Excess reagent was washed out and the transfers were dried and autoradiographed on Kodak Blue-Brand film (Eastman Kodak) with an intensifying screen for [1] [2] [3] [4] days. The same transfers were then incubated for 4 hr with anti-talin ascites fluids (2 ,ul/ml), followed by rabbit anti-mouse IgG (1 Ag/ml) for 2 hr, or with affinity-purified rabbit polyclonal anti-vinculin and anti-talin. The transfers were then washed and treated with peroxidase-conjugated goat anti-rabbit IgG (1:1000 dilution; Cappel Laboratories, Cochranville, PA) for 30 min, rinsed again, and developed with diaminobenzidine (Sigma; 0.5 mg/ml in 50 mM Tris Cl, pH 7.5/0.15% H202). All the incubations were carried out at room temperature in 0.15 M NaCl/20 mM Tris Cl, pH 7.4, containing 3% bovine serum albumin.
32P-Labeling and Phospho Amino Acid Analysis. The determination of the extent of phosphorylation of talin and vinculin was performed as described (4) . Talin to be used for analysis of phospho amino acids was labeled in vivo with
[32P]orthophosphate according to Sefton et al. (4) , immunoprecipitated, and further purified by NaDodSO4/PAGE. The appropriate gel slice was washed in 10% methanol for 2 hr and incubated twice with trypsin (1 mg/ml) in 10 mM triethanolamine (pH 7.5) for about 12 hr, to elute talin. The eluted protein was lyophilized, suspended in 6 M HCl, and hydrolyzed for 1 hr at 105°C. The radiolabeled phospho amino acids were dried, mixed with standard phospho amino acids and phenol red, and subjected to electrophoresis in acetic acid/pyridine/H20, 19:1:89 (vol/vol), pH 3.5, on cellulose thin-layer plates. The plates were then dried, developed with 2% (wt/vol) ninhydrin in acetone, and subjected to autoradiography.
RESULTS
The redistribution of talin upon transformation of CEF by RSV is illustrated by immunofluorescence microscopy in Fig.  1 a and b . Typically, in normal CEF, talin is found only in restricted locations along the microfilament bundles at the sites of actin-membrane interaction (17, 18) . In Fig. la , normal CEF labeled for talin are shown in order to illustrate the concentration of talin at the sites of attachment of the microfilaments to the cytoplasmic surface of the plasma membrane, corresponding to the focal adhesions. However, the distribution of talin is drastically altered in RSV-transformed CEF (refs. 17 and 18 and Fig. lb) . Talin is often found in aggregates of variable size and shape, located near the ventral surface of the cell along with other focal adhesion components (vinculin and a-actinin) as well as p60`"r itself (12, 17, 18, (21) (22) (23) . These aggregates are also very strongly labeled with antibodies to P-Tyr (6, 7), as shown in Fig. ic . In fact, the overall distribution of P-Tyr in the transformed cells (Fig. ic) appears similar to that of talin (Fig. lb) .
To determine whether talin contains enhanced levels of P-Tyr in RSV-transformed CEF, we immunoprecipitated talin from normal and RSV-transformed CEF, using a monoclonal antibody directed against talin. (Fig. 2b, lane 2) . Myosin heavy chain (200 kDa), which is present nonspecifically in the immunoprecipitates and is often labeled nonspecifically by radioiodinated staphylococcal protein A (white arrowheads in Fig. 2b, lanes 3 and 4) , prevented the analysis of the 195-kDa band for P-Tyr in this particular experiment. However, in the experiment shown in Fig. 4 b and c and in all those experiments in which peroxidaseconjugated goat anti-rabbit IgG was utilized, instead of protein A, to detect the anti-P-Tyr antibody (unpublished data), myosin was not nonspecifically labeled and the 195-kDa component of talin appeared to contain P-Tyr in RSVtransformed cells.
Electrophoretic separation of the phosphorylated amino acids obtained after hydrolysis of talin that had been radiolabeled in vivo with [32P]orthophosphate (Fig. 3) confirmed the presence of P-Tyr in talin from RSV-transformed CEF. Phosphothreonine was also present, in a similar amount to P-Tyr, as well as phosphoserine, which was much more abundant than P-Tyr. Densitometric tracing of the phospho The extent of talin phosphorylation in RSV-transformed CEF was determined after immunoprecipitation of talin labeled in vivo with [32P]orthophosphate in a medium of known specific activity. For comparison, in the same experiment, vinculin was also specifically immunoprecipitated. After further purification of the two proteins by NaDodSO4/ PAGE, the radioactivity content of vinculin and of the 215-kDa talin band was determined. Talin contained -0.2 mol of total phosphate per mol of protein, and vinculin, 0.08 mol [the latter in agreement with previous reports (4, 5) ]. Therefore, 15% of 0.2, or 0.03 mol of P-Tyr was present per mol of talin as a consequence of RSV-transformation. According to previous studies (4, 5), a smaller specific activity (0.01 mol per mol) of P-Tyr was associated with vinculin in RSV-transformed CEF.
We also compared directly the P-Tyr content of talin and vinculin from RSV-transformed fibroblasts, utilizing the anti-P-Tyr antibody. Fig. 4a shows immunoprecipitated talin and vinculin visualized by immunoblotting the two proteins with their respective antibodies. When the talin and vinculin bands were incubated with the anti-P-Tyr antibody, followed by '25I-labeled protein A, a short exposure of the autoradiograph revealed only the P-Tyr present in talin (Fig. 4b) . When the autoradiograph was exposed at least 3 times longer (Fig. 4c) , the P-Tyr in vinculin was also detected.
The two approaches used to detect phosphorylated tyrosine residues in talin and vinculin-namely, labeling with
[32P]orthophosphate or with an antibody directed against P-Tyr-both led to the conclusion that in RSV-transformed CEF, talin is more extensively phosphorylated than vinculin.
DISCUSSION
We have demonstrated that the protein talin exhibits a significant increase in its P-Tyr content upon transformation of CEF by RSV. The level of P-Tyr attained in talin is about 3 times greater than that in vinculin (4, 5) in the same cells. Accompanying this modification of the protein, there is a marked intracellular redistribution of talin (refs. 17 and 18 and Fig. 1 ). These findings suggest that talin may be an in vivo substrate for p60-src, the tyrosine kinase encoded by the RSV genome, and that the tyrosine phosphorylation of talin may play an important role in the profound reorganization of the cytoskeleton that occurs in RSV-infected cells.
From estimates of the specific activity of total [32P]phosphate associated with talin, the fraction of total phospho amino acids present as phosphotyrosine, and the assumption that only a single tyrosine residue is modified, we calculate that 3% of the talin molecules contain a P-Tyr residue in RSV-transformed CEF. This number may seem low, but in studies of other potential in vivo protein substrates for p60v-src, no more than 5-10% of any individual protein was found to be modified on tyrosine (1, 2) . We therefore conclude that this level ofP-Tyr modification oftalin is highly significant. That it is much less than 1 mol of P-Tyr per mol of talin may reflect a compartmentalization of the talin that is subject to modification (see below) and/or a rapid turnover of the P-Tyr group.
Both talin and vinculin are in part localized by immunofluorescence to the focal contacts made by normal fibroblasts with their substrate (13, 17, 18) , sites where bundles of actin filaments appear to terminate at the cell membrane. p60vsrc is in part localized by immunofluorescence to the few residual focal contacts that remain in RSV-transformed fibroblasts (21, 23) . It is therefore possible that the physical proximity of p60vsrc to the talin and vinculin molecules present in the focal contacts may induce the direct tyrosine phosphorylation of the fraction of these proteins located at the focal contacts. This could explain why only 0.03 mol of P-Tyr is found per mol of talin; only that fraction of talin that is bound to the focal contacts can serve as a substrate for the p60vsrc. Evidence from in vitro experiments has suggested a direct interaction between vinculin and talin (25) . On the other hand, a-actinin, a protein also found by immunofluorescence to be in the vicinity ofthe focal contacts in normal fibroblasts, is not tyrosine-phosphorylated in RSV-transformed cells (4, 5) . Immunoelectron microscopic experiments, however, have shown (26) that a-actinin is located further from the membrane at sites of focal contacts than is vinculin. a-Actinin may not be in sufficiently close proximity to p60-src and therefore may be unable to serve as a substrate for tyrosine phosphorylation.
After RSV-transformation, most of the focal contacts disappear and are replaced by a variety of other, weaker kinds of cell-substratum adhesions, termed close contacts (12) . The tyrosine phosphorylation oftalin and vinculin could be involved in these changes. The close-contact sites formed on transformation are most likely the sites where aggregates oftalin are seen at the ventral cell surface (Fig. lb) and where vinculin and a-actinin were previously shown to be redistributed (12) . In addition, p60V1-r1 is concentrated at these close contacts (21) . Also relevant to these considerations is the observation that RSV mutants encoding variant p60v-src molecules that are defective in their ability to become membrane-associated, but not in their tyrosine kinase activity, do not cause the infected cells to undergo the morphological changes that are produced by the wild-type RSV (27, 28) . The idea that the p60v-src-induced tyrosine phosphorylations of talin and vinculin may mediate, at least in part, these changes in contact sites upon transformation is supported by the finding that the close contacts are also the sites of the most intense immunofluorescent labeling with anti-P-Tyr antibodies inside the transformed cells (Fig. ic) .
The fact that at least two proteins present in the focal contacts, talin and vinculin, are tyrosine-phosphorylated in RSV-transformed cells adds a new dimension to studies that have been carried out with different oncogenic agents, including RSV mutants, that produce different extents of morphological change in the transformed cells (14) (15) (16) . No correlation was found in these studies between the extent of tyrosine phosphorylation of vinculin and the extent of morphological transformation. The tyrosine phosphorylation of talin in these various kinds of transformed cells should also be examined.
Finally, the role that may be played by the phosphorylation of cytoskeletal proteins on serine and threonine must be considered. Elevation of intracellular cAMP, possibly through the activation of cAMP-dependent protein kinases, induces the reorganization ofthe disrupted cytoskeleton of at least certain transformed fibroblasts and the acquisition ofan apparently normal phenotype (29, 30) . Since all the proteins found to be susceptible to tyrosine phosphorylation also contain phosphoserine and, often, phosphothreonine (refs. 1 and 3 and Fig. 3) , it is possible that the P-Tyr level relative to that of the other phospho amino acids (and not merely P-Tyr itself) may determine the state of organization of the cytoskeleton. These considerations suggest that a fine interplay of multiple factors may produce a-transformed phenotype from a normal phenotype. Retrovirus infection may alter the balance of tyrosine and serine or threonine phosphorylation of various interacting proteins crucial to the organization of the cytoskeleton.
